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Highlights

Pyrolysis of n-butylbenzene at 70 MPa and from 583 K to 623 K was performed in sealed gold

tubes.

e The main products are toluene, ethylbenzene, iso-heptyl- and iso-butylbenzene, CH, and C;He.

e A detailed kinetic model was constructed and validated over the entire experimental range of
conversion (0.7-62%).

o Thermochemical and kinetic parameters of key decomposition routes were computed using

theoretical calculations.
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Abstract

The thermal cracking of n-butylbenzene was experimentally studied at high pressure (70 MPa), and
moderate temperatures (583, 603, 623 K), for conversions of n-butylbenzene ranging between 0.7%
and 62%. The pyrolysis was performed in sealed isobaric gold tubes (confined pyrolysis). Three main
chemical families were observed: short alkylbenzenes (mostly toluene and ethylbenzene), branched
alkylbenzenes (isomers of iso-butylbenzene and iso-heptylbenzene) and short alkanes (from CH. to
CsH10). As minor products, alkenylbenzenes (styrene and butenylbenzene), methylindane and
biaromatic structures were also quantified.

A detailed kinetic model composed of 3542 free-radical reactions and 383 species (molecules and
free-radicals) was written in a systematic manner by taking into account all relevant elementary free-
radical reactions. A large number of thermochemical and Kinetic parameters were computed by
theoretical calculations. A very good agreement between experimental and simulation results is
observed for every operating condition and for most major and minor compounds.

The apparent kinetic parameters were computed at 623 K, 70 MPa and 30% conversion under the
assumption of a first-order global rate law: the apparent activation energy was found equal to 66.6
kcal/mol and the frequency factor to 6.3x10% s*. The extrapolation to low temperature (473 K), which
is characteristic of deeply buried oil reservoirs, shows that the stability of n-butylbenzene is about the
same as the stability of alkanes, but n-butylbenzene is more stable than n-decylbenzene and less stable

than toluene.



1. Introduction

In order to assess the thermal evolution of oils in reservoirs during geological time (up to million
years), it is mandatory to set up robust kinetic models ([1], [2] and [3]) for the thermal reactions
occurring at high pressure (10-100 MPa) and low temperature (423-493 K). Consequently, it is
necessary to simulate the thermal reactions at the laboratory scale by conducting pyrolysis of oils (e.g.
[4], [5], [6] and [7]), oil fractions (e.g. [5]) or model compounds (e.g. [8]) at pressures as high as in
geological reservoirs, but at higher temperatures (623-773 K), in order to compensate for the
geological time and to be able to decrease the reaction time (a few hours to several weeks in the
laboratory). Modelling oil fractions by pure hydrocarbons or simple mixtures allows the construction
of detailed kinetic models for thermal cracking (e.g. [9] and [10]), based on elementary steps (mainly
free-radical reactions) with their fundamental kinetic parameters. The main advantage of these models
is their precision as well as the possibility of extrapolation to geological temperatures since the main
reaction pathways and the fundamental kinetic parameters remain unchanged over a temperature range
of 200 K.

The aromatic fraction represents up to 40% (mass) of conventional oils and the polar compounds
(NSO compounds), which represent up to 20% (mass) of conventional oils, also contain numerous
aromatic structures ([3] and [11]). That is why several experimental studies of thermal cracking of
alkylbenzene can be found in the literature: alkylbenzenes are taken as model compounds of the
aromatic fraction ([12], [13] and [14]) or as model compounds of asphaltenes [15] or even of heavy
oils [16]. A few studies include detailed kinetic modelling at high pressure ([17], [18], [19], [20], [21]
and [22]) or in supercritical water conditions [22]. In those studies, pressure is usually in the range of
0.2-14 MPa and temperature is usually greater than 673 K, except for the studies [18] and [20]
conducted at 70 MPa and temperatures lower than 623 K. Main products of the pyrolysis of
alkylbenzenes (CnH2n+1-CsHs) are usually grouped into two pairs: toluene and Cn.1H2n/Cn-1H2n-2 as well
as ethylbenzene and/or styrene and Cy.oHan2 ([14] and [15]).

This paper aims to construct and validate a detailed and robust kinetic model for the thermal cracking
of n-butylbenzene. Shorter alkylbenzenes like toluene [20] and longer alkylbenzenes like n-

decylbenzene [18] were already exhaustively studied, contrary to n-butylbenzene [14]. For this



purpose, new experimental data has been obtained from confined pyrolysis experiments (sealed gold
cells [23], [24] and [25]), for a pressure characteristic of deep reservoirs (70 MPa) and for large
temperature (583-623 K) and conversion (0.7-62 %) ranges. On the other hand, a kinetic model has
been written in a comprehensive way for the primary consumption of n-butylbenzene and the main
products. Most of the thermochemical and Kkinetic parameters of the n-butylbenzene main
decomposition routes were computed by electronic structure calculations to improve the reliability of
the model. Finally, the reactivity of n-butylbenzene at geological pressure and temperature conditions

was compared with other common hydrocarbons.

2. Experimental and analytical procedure

n-butylbenzene (purity > 99+9%), was obtained from Sigma Aldrich and used as received.

2.1.Loading procedure and pyrolysis device

Confined pyrolysis was carried out in gold cells (purity 99.99%, 5 cm length, 5 mm i.d. and 0.5 mm
wall thickness) sealed at one end and loaded with 100 pL of n-butylbenzene. The details of the
confined pyrolysis were given elsewhere ([23] and [24]). Monthioux et al. [25] showed that the reactor
configuration and the experimental conditions lead to results compatible with the thermal evolution of

hydrocarbons in the geological petroleum reservoirs.

The gold tubes were sealed by pulse arc-welding in a bath of liquid nitrogen, and then placed in a
pressurized autoclave. The pressure was set to 70 MPa and the temperatures to 583, 603 and 623 K (+
1 K). The pyrolysis duration was 3 days, 7 days and 15 days. At the end of the pyrolysis, the
autoclaves were rapidly cooled to room temperature in a water heat exchanger. For each condition,
four replicates were performed for the quantitation of the gaseous and liquid products. The pyrolysis
of a supplementary gold cell was performed at 623 K for 15 days and used for identification of the

liquid products.

2.2.Analytical procedure



For the identification of the liquid products, the gold cell was opened at both ends in a vial containing
dichloromethane. Extraction was performed in an ultrasonic bath during 1 hour. The compounds were
identified by GC-MS (Shimadzu GCMS-QP 2010 Plus; carrier gas: He) using a Zebron ZB 5-MS
column (Phenomenex, length: 60 m, 025 mm id., 0.10um film, 5%-Phenyl, 95%-
dimethylpolysiloxane phase). The temperature program was set as following: the initial temperature
was set at 313 K during 3.5 min, then a heating rate of 6 K/min was applied up to 593 K, and the final
temperature was kept during 10 min.

The quantification of all gaseous and liquid products was performed by a Thermodesorption-GC-FID
(Shimadzu GC2010 Plus; carrier gas: Hy) using a Zebron ZB 5-MS column (Phenomenex, length: 60
m, 0.25 mm i.d., 0.10 pm film). A GC-FID is connected to an oven (Top Industrie conception) in
which the gold cells are pierced and the products are thermally desorbed (Fig. 1). The GC is equipped
with a cryogenic focus temperature controller, which allows freezing the top of the column at 78 K
during 2 minutes using liquid nitrogen. This methodology separates methane and improves the
separation of condensable gases (C, to Cy). It allows the analysis of gaseous and liquid products during
the same analysis and normally avoids co-elution of the gases. Nevertheless, no propylene was
detected, although it was a priori expected ([14], [15] and [18]), since it was described as the co-
product of toluene in previous studies. It can be assumed that it could be co-eluted with other gases,
although gas peaks are well defined and show no shoulders that could suggest co-elutions. This will be
discussed later. The temperature program was set as following: the initial temperature was set to 303
K during 4 min, then a heating rate of 6 K/min was applied up to 593 K, and the final temperature was
kept during 10 min. The calibration of the FID was done by a gas mixture obtained from Air Liquide
(Ar: 14.9600%; CO,: 24.9800%; CHa: 30.0300%; C,Hs: 13.0400%; CsHs: 8.9660%; CsHio: 7.0240%;
CsHi2: 1.0022%) and by using commercially available standard compounds for the liquids. For each
guantified compound, an external calibration curve was drawn with 6 concentrations by using a basis
of 100uL of n-butylbenzene (nBB). Light hydrocarbons from the Air Liquid gas mixture were
calibrated from 0.28 pmole/100pL nBB to 59.89 pumole/100uL nBB. Calibration range for heavier
compounds varied from 0.05 pumole/100uL nBB to 14.20 umole/100uL nBB. During a sequence,

calibration controls were injected to check the overall calibration.
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Figure 1. Schematic diagram of the oven containing the piercing device for the gold cells and the GC-

FID.

The remaining quantity of n-butylbenzene was too high to be determined directly by
Thermodesorption-GC-FID (saturation of the detector). In order to quantify n-butylbenzene, a gold
cell was cut, extracted and diluted before analysis by GC-FID (Agilent Technologies 7890 A). 1 uL of
the sample was directly injected in splitless mode in the GC by a syringe. This GC-FID used the same
column, the same carrier gas and almost the same temperature program (final temperature kept for 20

min instead of 10 min) as the Thermodesorption-GC-FID. Quantification was carried out using



internal calibration. An internal standard (n-Cyo) has been added after opening of the gold cell for the
guantification. n-Cy has been chosen for this study because it is not a reaction product and it does not
co-elute with any product. For each quantified compound, a calibration curve was derived from 7
concentrations (from 1.19x10° pumole/uL to 2.11x10*, umole/uL). During a sequence, calibration
controls were injected every 10 samples to check the overall calibration.

The error-bars presented in the figures correspond to the standard deviation of the four replicates. The
standard deviation is about 10% or less, except at low conversion (20-50 %), which is due to the lack
of precision of the measurements at very low concentration. Moreover, a high standard deviation is
observed for the gas at 623 K — 15 days (and not for the heavier compounds), for which we have no

explanation.

3. Experimental results

The conversion of n-butylbenzene was calculated by the sum of the ratio X; of the products, which is
defined by eq. 1:

Reoompound i

X = eqg.1

ngp
Where Neompound i 1S the amount (in moles) of the compound i and n°gg the initial amount (in moles) of
n-butylbenzene. This ratio is very close to the molar fraction x; if the molar expansion is negligible,
which is the case at low and moderate conversion for the pyrolysis of pure hydrocarbons.

The quantification of the remaining n-butylbenzene was not precise enough to allow calculation of the
conversion, especially at low values. That is why the conversion was determined on the basis of the
products.

The experimental conditions lead to conversions from 0.7% (583K - 3 days) to 62% (623K — 15 days)
(Table 1).

At low conversion (0.7%), the main products are styrene, methylindane, indane, butenylbenzene (sum
of the isomers), toluene and iso-heptylbenzene (sum of the isomers), in decreasing order of

importance.



At high conversion (62%), the main product becomes toluene, which is 5 times more abundant than
the second main product that is iso-heptylbenzene (the sum of the different isomers). The other major
products are iso-butylbenzene (1-methylpropyl- and 2-methylpropylbenzene), methane, ethylbenzene,
ethane and methylindane, in decreasing order of importance. A typical GC chromatogram obtained for

the products at high conversion is presented in Fig.2.
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Figure 2. Example of GC-FID-chromatogram obtained after pyrolysis of n-butylbenzene

at 623K, 70 MPa, during 15 days (62% conversion).

A great number of less abundant products were also identified and quantified: other light alkanes from
Cs to Cs, benzene, styrene, n-propylbenzene and iso-propylbenzene, branched alkylbenzenes (alkyl
chain from Cs to Cio), butenylbenzene, benzene, tetralin, methylnaphthalene and biaromatic
compounds (e.g. bibenzyl). The yield and selectivity of the main products are given in Supplementary
Material 1.

In the literature ([14], [15], [18] and [22]), toluene is always described as the main pyrolysis product
of alkybenzenes. Toluene is usually accompanied by an alkene and an alkane Ch-1Han/Cn-1Han-2 ([14],
[15] and [18]) which would be propane and propylene in the case of n-butylbenzene. In our
experiments, propane has been detected as a minor product, but propylene was not observed. It should

be noted that in the case of n-hexylbenzene, pentane and pentene (Cn-1Han/Ch-1Han-2 in the case of n-



hexylbenzene) are described in the literature [22], but as minor products because consumed by
secondary reactions. This is overall in agreement with our results.
In the literature, formation of styrene is described at low pressure [15] or both styrene and
ethylbenzene at intermediate pressure [22]. At high pressure [18], ethylbenzene is one of the major
reaction products and styrene a minor product as it is observed in our experiments. Cn2Hzn-2, Which is
ethane in our study, is an important reaction product as underlined in the literature ([14], [15], [18] and
[22]).
The mass balance M.B has been calculated according to eq. 2:

_ LM X

M.E= ———x 100 .
i Fram eg. 2

Where M; is the molecular mass of the compound i, Mgg the molecular mass of n-butylbenzene and X;
the ratio defined by eq1.
The mass balance (Table 1) is between 85% and 94% and the mean value is 91%. These results are

globally satisfying.

Table 1. Conversion and mass balance of pyrolysis of n-butylbenzene.

Temperature (K) Time (days) Conversion (%) Mass balance (%0)
3 0.7+0.1 91+1
583 7 1.5+0.4 90+1
15 2.0£0.2 85+1
3 2.2+0.2 90+1
603 7 7.8t1.2 9412
15 10.4+1.2 90+1
3 13.5+0.2 9213
623 7 32.7+0.7 9312
15 62.1+6.2 91+3




4. Kinetic modelling of the thermal cracking of n-butylbenzene

The kinetic model is composed of 3542 free-radical reactions with their kinetic parameters, and 383
species (molecules and free-radicals) with their thermochemical parameters in the NASA polynomial
format. The kinetic model has been written in a systematic manner by taking into account all relevant
elementary free-radical reactions: unimolecular initiations, bimolecular initiations, ipso-additions, H-
transfers, isomerizations (monomolecular and bimolecular), decompositions by p-scissions, additions
of radicals to double bonds, terminations by recombination and disproportionation, as well as some
pericyclic reactions which are also elementary molecular reactions. The kinetic model in the
CHEMKIN II format [26] is given in Supplementary Material 2, as well as the nomenclature of the
species (Supplementary Material 3). The kinetic parameters were not tuned to improve agreement
between experiments and simulations.

Most of the reactions were written as reverse, and thus were automatically taken into account in the
kinetic model. The corresponding kinetic parameters are computed by using the kinetic parameters of
the direct reaction and the thermochemical parameters. So the precision of the thermochemical
parameters is of utmost importance.

4.1. Theoretical calculation of the rate coefficients

Important reactions involved in the pyrolysis of n-butylbenzene have been studied by means of
electronic structure calculations and rate coefficients have been calculated from computed potential
energy surfaces (PES). The CBS-QB3 [27] method, implemented in Gaussian 09 [28], was used to
compute the energies at OK of minima and saddle points of the PES. This composite method includes
geometry optimization and frequency calculations at the B3LYP/CBSB?7 level of theory. CBS-QB3 is
an efficient method which allows a good compromise between accuracy and computation time, for
large molecules such as n-butylbenzene. Canonical Transition State Theory (TST) has been applied to
deduce rate constants from energy and frequency calculations. In the case of unimolecular reactions

involving a barrier height V= at 0 K, the rate constant can be computed from eq. 3:

— g BT Q15(T) _¥
k(T) =L  on(D) exp[ RI‘] eq.3
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In order to obtain the accurate partition function Qi (Qrs and Qg) to reach a sufficient precision in
computed k(T) and thermochemical data (entropy and heat capacity of the species), all internal
rotations between C-C bonds have been considered as hindered rotors (HR) rather than harmonic
oscillators (HO). Internal rotors treatment included relaxed scans performed at the B3LYP/chsb7 level
of theory for each rotor j, with Gaussian 09. The resulting torsional potential curves were fitted with
Fourier series (10 cosines and 10 sines) and used to solve the one-dimensional Schrodinger equation

(1DHR method [29]), which allows the calculation of the HR partition function g,_p gz ;. In addition,
the torsional potential was used to recalculate the harmonic partition function (g4 ;) corresponding to

the rotor j, but treated as a one-dimensional uncoupled mode [30]. Finally, the partition function Q can

be expressed as:

N 91-DHR,
Q = Quo I, 228 eq.4

qHO,j
where N is the total number of hindered rotors, and Qyq is the global partition function in the
harmonic oscillator approximation and obtained from Gaussian 09.

Moreover, for reactions involving a H-atom transfer, the rate constant was multiplied by a
transmission coefficient, k (eqg. 3). This parameter was obtained using the one dimensional asymmetric
Eckart potential method to take into account tunneling effect [31]. Due to the low temperatures
considered in this study, this parameter can play a significant role on the value of the rate constant
(factor 2 to 3). In addition, the rate constants is weighted by a statistical factor L (eq. 3) which takes
into account the number of optical isomers and external symmetries in the TS and in the reactant,

according to eqg. 5:

[ — TRXNTS
oTSHnE

eq.5

where or and ors are the external symmetry of, respectively, the reactant and the transition state, while
nr and nrs correspond to their number of optical isomers. Note that using eq. 5 in eq. 3 required
removing the external symmetry numbers of the external rotational partition functions in Q.

Finally, the rate constants computed at several temperatures allows deducing the rate coefficients

expressed as a modified Arrhenius law (eg. 6):

11
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where A is the pre-exponential factor (mol, cm? s?); n the temperature exponent and E is the
activation energy (cal mol™).
All of the thermokinetic parameters have been calculated using the THERMROT software [32]. The

geometries of the Transition States are given in Supplementary Material 4.

4.2.Development of the kinetic model
4.2.1. Detailed description of the primary mechanism
The kinetic model of the thermal cracking of n-butylbenzene is composed of several sub-mechanisms.
The first is a detailed primary mechanism of n-butylbenzene. The primary mechanism only involves n-
butylbenzene and the subsequent radicals formed as reactants. This part of the mechanism is
comprehensive and contains all possible elementary reactions described below. On the other hand, the
molecules formed in the primary mechanism react in a secondary mechanism. Due to the large number
of primary molecules generated, only the most important products have been considered in this part of
the mechanism. To this end, simulations have been carried out by considering only the primary
mechanism. Through this approach, it was possible to select major primary molecules and radicals and
to develop the secondary mechanism by considering all possible elementary reactions between these
species. The same procedure was used to select the major products to consider in the tertiary
mechanism. In this case the simulations were performed by considering only the primary and
secondary mechanisms. Finally, this approach was repeated until the entire mechanism contains the
important products observed experimentally. The last part of the mechanism is composed of a Co-C,
reaction database [33] and contains all the elementary reactions involving species having less than
three carbon atoms. To generate this mechanism, the following elementary reactions have been

considered: unimolecular initiations, bimolecular initiations, ipso-additions, H-transfers,
isomerizations, decomposition by B-scission, ring-closure reactions, pericyclic reactions, and

terminations.

12



In the case of n-butylbenzene, the Bond Dissociation Energies (BDE) were first computed [28] at the
CBS-QB3 level of theory. As expected [18], the weakest BDE are related to the C-C and the C-H
bonds in B-position of the aromatic cycle (Fig.3). However, all the unimolecular initiations involving
the dissociation of the C-C and C-H bonds of the alkyl chain were taken into account in the
mechanism. For these reactions, activation energies have been taken equal to BDE, while the A factor
has been obtained from thermokinetic relationships, based on the fact that the reverse reactions

(combinations) are barrierless.

Figure 3. Bond Dissociation Energies of n-butylbenzene at 298 K (kcal.mol™?).

The bimolecular initiations correspond to the reverse of the termination reactions by
disproportionation. The bimolecular initiations between two n-butylbenzene molecules which imply a
loss of aromaticity, were considered (Fig. 4), because a previous study on the pyrolysis of toluene
highlighted their importance [20]. Therefore, the kinetic parameters A and n were taken from [20], and
the activation energy, which corresponds to the enthalpy of reaction in this case, was calculated by
theoretical calculations at the CBS-QB3 level of theory. This approach ensures consistency between

kinetic and thermochemical data.

13
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Figure 4. Bimolecular initiations between two molecules of n-butylbenzene

(CBS-QB3 enthalpies of reaction at 298 K, in kcal.mol2).

Ipso-additions (Fig. 5) of the H-, methyl, ethyl, propyl, iso-propyl and propen-3-yl (CsHs) radicals to
n-butylbenzene were considered. The kinetic parameters of the ipso-additions of the H- radical were
taken by analogy from Baulch et al. [34]. Two reaction rate rules were determined using theoretical
methods. The high-pressure limit rate constants of the ipso-additions of CHs; and CsHs on
ethylbenzene were calculated at the CBS-QB3 level of theory. Ethylbenzene was used to limit the size
of the molecular system while maintaining the accuracy of computed kinetic parameters. The
calculated rate coefficients (Table 2) were used in the following rate rules: the kinetic parameters of
ethylbenzene + CH3 were used for the ipso-addition of alkyl radicals on n-butylbenzene and the rate

constant of ethylbenzene + CsHs was used for the additions of resonance stabilized radicals.

X
©/\/\+ X ©/ TN X *H, *CHj3, *C,Hs, *C3H5,

iSO"C3H 75 'C3H5

Figure 5. Ipso-addition of radicals to n-butylbenzene.

Table 2. Kinetic parameters of the ipso-additions computed by theoretical calculations at the CBS-

QB3 level of theory.

A n E
Ipso-addition
(cmé.molt.s?) (cal.mol™)

14



ethylbenzene + *CH3 = toluene + n-+CsHo 4.53x10? 2.542 11322

ethylbenzene + *C3Hs = allylbenzene + n-C4Hg  1.06x10° 2.192 25304

The kinetic model includes the reversible H-transfers between every radical and n-butylbenzene, and
between the main radicals and the main products. Transfer of aromatic H atoms was not considered.
Most of the kinetic parameters were computed on the basis of structure-reactivity correlations by the
EXGAS software [35] or taken by analogy with kinetic parameters of similar reactions. The kinetic
parameters of some very sensitive reactions (Table 3) were computed by theoretical calculations at the
CBS-QB3 level of theory. Because of the large size of the system n-butylbenzene + abstracting radical
(Ce+), model compounds were used for the computations while respecting the nature of the H
transferred: for allylic H, 1-butene was considered, for secondary H on alkyl group, propane was
considered and ethane for primary H. This approach led to the set of H-abstraction rate rules given in

Table 3.

Table 3. Kinetic parameters of sensitive H-transfers calculated by theoretical calculations at the CBS-

QB3 level of theory (CsHs# stands for the aromatic cycle).

RH#Xe S Ret XH (cm%rﬁrl.s-l) n (cal.riol'l)
Xe = Phenyl radical
AllylicH 2.30x10* 3.621 -860
Secondary alkylic H 4.66x10° 3.950 800
Primary alkylic H 1.16x10% 4.187 4380
Xe = Benzyl radical
AllylicH 1.89x101 3.931 9740
Secondary alkylic H 7.36x101 3.983 15060
Primary alkylic H 3.50x10% 3.963 18550
Xe = CgHs#CHCH3
AllylicH 1.12x10%? 4.226 10240
Secondary alkylic H 9.11x10? 4.208 16310
Primary alkylic H 1.64x101 4.146 20070

15



X' = C6H5#CH2CH2

AllylicH 1.88x10? 4.299 4150
Secondary alkylic H 6.18x10°3 4.556 7540
Primary alkylic H 1.29x10°3 4.622 9880

The unimolecular isomerization reactions of phenylbutyl radicals through 4- and 5-centers cyclic
transition states were included in the mechanism with their kinetic parameters computed by theoretical

calculations (Table 4). Note that the internal H-transfers of aromatic H-atoms were neglected.

Table 4. Kinetic parameters for unimolecular isomerizations of phenylbutyl radicals calculated by

theoretical calculations at the CBS-QB3 level of theory.

Reaction A A E
(sY) (cal.mol?)
CeHs#CH'CH,CH,CH3 = C¢Hs#CH,CH,CH CH3 9.11x10? 2.834 40730
CeHs#CH,CH CH,CH3 = C¢Hs#CH,CH,CH,CH,' 1.18x10? 3.526 33950
CeHs#CH ' CH,CH,CH3 = CgHs#CH2CH,CH,CH,' 3.19x10* 2.169 27750

Reactions of the first two rows involve 4-center cyclic transition state (TS) structures, while
the one in the last row is a 5-center ring TS. At 500 K, the latter reaction’s rate is at least two
orders of magnitude higher than the ones involving 4-center TS.

The reversible decompositions by B-scission of C-C bonds of every radical except those involving
aromatic C-C bonds were included, as well as B-scissions of C-H bonds when they lead to resonance-
stabilized compounds. The kinetic parameters were calculated by theoretical methods at the CBS-QB3
level of theory or taken by analogy with similar reactions. The Kinetic parameters for the

decompositions by B-scission of phenylbutyl radicals are presented in Table 5.

Table 5. Computed kinetic parameters for the decompositions by p-scission of phenylbutyl radicals at

the CBS-QB3 level of theory.
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A n E
Reaction

(sY) (cal.mol?)
CeHs#CH CH,CH>CH3 = styrene + CyHs 1.23x10* 0.257 36370
CsHs#CH,CH CH,CH3 = 1-butene + phenyl 1.28x10% 0.722 39410
CsHs#CH,CH CH,CH3 = allylbenzene + CHz’ 2.45x10% 0.811 29740
CeHs#CH2CH,CH'CHs = propene + benzyl 1.25x10% 0.992 21480
CsHs#CHCH.CH.CH2 = CzH4 + CsHs#CH.CH2 2.63x10"? 0.375 28860

The ring-closure reactions (Fig. 6) were also considered, since tetraline, methylindane and indane were
found among the products. The kinetic parameters were taken from Kislov et al. [36] for indane-type

species, and were calculated at the CBS-QB3 level of theory for tetraline-type species (Table 6).

ot O e OO+
Closing-cycle ) [-scission >
indane
_— —_— + H
Closing-cycle H B-scission

methylindane

O™ s Q0 5 OO
Closing-cycle ! [-scission

tetralin
Figure 6. Ring-closure reactions.
Table 6. Kinetic parameters for ring-closure reactions.
Reacti A n E
eaction
(s1) (cal.mol?)
Indane-type
Ring-closure 2.41x10 0 17940
[-scission 7.45%x10° 1.035 22900
Tetraline-type
Ring-closure 8.30x10° 1.110 9870
B-scission 9.84x10% 0.833 28830
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The retroene reaction for n-butylbenzene (Fig. 7) was considered because a previous study showed
that it could contribute to the consumption of alkylbenzene ([14], [18] and [22]). This reaction consists
of an intramolecular H-transfer and a reorganization of the electron pairs. Two H atoms can be
transferred, so the kinetic parameters were calculated at the CBS-QB3 level of theory in both cases,

and then the global kinetic parameters were deduced (Table 7).

t
@@62
Hl
> +
TS, = TSy = 70.2 kcalimol X

Figure 7. Retroene reaction for n-butylbenzene (TS stands for Transition State).

Table 7. Kinetic parameters for retroene reaction of n-butylbenzene computed at the CBS-QB3 level

of theory (mol, cm?, s, cal).

Reaction A n E
(s (cal.mol™)
TSH1 1.05x10° 1.824 68160
TSh2 1.58x10°8 1.819 68060
global 2.62x108 1.822 68100

5-methyl-1,3-cyclohexadiene is transformed to toluene by intramolecular H-transfer. The Kinetic
parameters were taken from NIST Kinetics database [37]. The computed energy barrier height is higher
than that estimated in previous studies ([18] and [22]).

Some terminations by recombination and disproportionation are implicitly included in the reversible
initiations. In the primary mechanism, the combinations of the benzylic butylbenzyl radical
(CeHs#CH+CH,CH>CH3) with CHs, C;Hs, CsHs and n-CsHjy radicals were included. Combinations of
the primary radicals created in the initial C-C bond dissociations and in the B-scissions were also

included. Associated kinetic parameters were taken from EXGAS's rate rules [35].

4.2.2. n-ary mechanisms
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The comprehensive primary mechanism was used to perform preliminary simulations on a large scale
of temperature and pressure conditions to identify the main secondary products and the free radicals
featuring the highest molar fractions. This approach was used to limit the combinatory explosion that
would occur if all the possible reactions were to be included in the mechanism. Based on this species
selection method, it was observed that allylbenzene, styrene, toluene and propene were the main
primary products. For these compounds, the same systematic decomposition reactions as those
detailed above for n-butylbenzene were included. As these compounds are unsaturated, the addition
reactions of the radicals in the highest concentration in the preliminary simulations were included:
ethyl, n-butyl, allyl, phenyl, benzyl and 1-phenylbutyl radicals. The decomposition reactions of the
formed adducts follow the mechanism development rules set in the primary mechanism, i.e., H-
abstractions from n-butylbenzene, isomerizations, 3-scissions, ring-closures.

The same procedure (preliminary simulations with the primary and secondary model, species selection
and addition of a new decomposition sub-mechanism) was iteratively performed for the development

of subsequent n-ary sub-mechanisms. The main molecules appearing in these procedures are given in
©/\/ ©/\/\
T OO C

Figure 8. Principal n-ary molecules chosen by the iterative selection procedure.

Figure 8.

%C?

As the size of molecules in the mechanism rapidly grows with each new n-ary mechanism, the
iterations were stopped when the model was able to reproduce the experimentally identified molecules

featuring the largest size.

4.3.Validation
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Simulations with the kinetic model were performed using the software package CHEMKIN 11 [26],
and SENKIN at constant pressure and temperature. It should be noted that this software uses the ideal
gas law to calculate concentrations. Obviously, the ideal gas law is not valid at high pressure. That is
why the initial concentration was first calculated separately by using the Peng-Robinson equation of
state [38], which is implemented in the software DIAGSIM [39].

Figure 9 presents the comparison between the experimental conversion (symbols) and the simulation
results (solid lines). A good agreement between the experiments and the model is obtained in the

whole range of temperature and conversion.

100
[ —— conversion at 623K
@® - - - conversion at 603K
A = conversion at 583K
80 —
> L
— 604
©
w
| -
g
C 40 =
[}
O
20 -
O -

6__. 8
Time (days)
Figure 9. Comparison between experimental conversions (symbols)

and simulation results (solid lines) for the pyrolysis of n-butylbenzene at 583, 603, 623 K and 70 MPa.

Figures 10 and 11 present the comparison between the experimental ratios X; and the simulated mole
fractions x; for the gases. Overall, a good agreement is observed for methane, ethane (except at 603 K)
and propane, which are the major products. The results are also satisfying for n-butane which is a
minor product. It should be noted that the kinetic model predicts the production of small amounts of
propylene, in agreement with [18] and [22], but propylene was not detected in our experiments. If

propylene is co-eluting with propane, we should add the simulation result of propane to that of
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propylene and compare it with the experimental results of the co-eluted peak. This leads to a small
overestimation of the propane-propylene profile (not represented here) from the kinetic model, in

comparison to the experimental result.
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Figure 10. Comparison between experimental molar fractions (symbols)
and simulation results (solid lines) for methane and ethane after pyrolysis of n-butylbenzene at 583,

603, 623 K and 70 MPa.
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Figure 11. Comparison between experimental molar fractions (symbols)
and simulation results (solid lines) for propane and butane after pyrolysis of n-butylbenzene at 583,

603, 623 K and 70 MPa.

Figures 12 and 13 present the comparison between the experimental ratios X; and the simulated mole
fractions x; for the other main products: toluene, ethylbenzene, iso-butylbenzene, iso-heptylbenzene

(sums of the isomers) and methylindane.
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Figure 12. Comparison between experimental molar fractions (symbols)
and simulation results (solid lines) for toluene and ethylbenzene after pyrolysis of n-butylbenzene at

583, 603, 623 K and 70 MPa.
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Figure 13. Comparison between experimental molar fractions (symbols)

and simulation results (solid lines) for iso-butylbenzene and iso-heptylbenzene (sums of the isomers)

after pyrolysis of n-butylbenzene at 583, 603, 623 K and 70 MPa.

A very good agreement is obtained for toluene (except at very high conversion), ethylbenzene, iso-
butylbenzene (sum of the isomers) and iso-heptylbenzene (sum of isomers). The discrepancies
observed for toluene at 623 K could be related to the difficulty to measure it at high concentration, due
to column and peak saturation. For this reason, toluene at 623K and 15 days was not measured by
Thermodesorption-GC-FID, but in the same way as the remaining quantity of butylbenzene. The
measurement could not be duplicated, which could explain the high deviation in comparison to the
simulation result.

Comparisons between experiments and simulation were also performed for some minor products, i.e.
styrene and butenylbenzene (sum of the isomers) (Fig.14) and methylindane (Fig.15). The order of
magnitude is well represented by the model under all conditions, but some discrepancies are observed

which could be due to the difficulty to precisely measure very low concentrations. In the case of
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styrene, the discrepancies could indicate that some additions of radicals to styrene are missing or are

under-evaluated.
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Figure 14. Comparison between experimental molar fractions (symbols)

and simulation results (solid lines) for styrene and butenylbenzene (sum of the isomers) after pyrolysis

of n-butylbenzene at 583, 603, 623 K and 70 MPa.
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Figure 15. Comparison between experimental molar fractions (symbols)
and simulation results (solid lines) for methylindane (sum of the isomers) after pyrolysis of n-

butylbenzene at 583, 603, 623 K and 70 MPa.

The experimental and simulation selectivity has also been compared at 603 K for the main products
(Supplementary Material 5). The agreement between experimental and simulation results is very
satisfying for every liquid product except isoheptylbenzene which is under-estimated. Discrepancies
are observed for gaseous products (except butane), which is probably related to the difficulty to

precisely measure their amount.

4.4. Flux analysis

The model was used to highlight the main reaction pathways in the pyrolysis of n-butylbenzene. A
flux analysis was performed at 623 K, 70 MPa and 52% conversion (Fig. 16). The flux corresponds to
the ratio between the rate of the studied pathway and the consumption rate of the considered species,
in percentage. The flux analysis shows that n-butylbenzene is mainly consumed by H-transfers (98%)
leading to 1-phenyl-but-1-yl (PHC4H8-1) and 1-phenyl-but-3-yl (PHC4H8-3) radicals. This is in
agreement with the flux analysis of Carr et al. [22] who calculated that H-transfers represent 92% of
the n-hexylbenzene consumption at 673 K and 7.4 MPa.

The 1-phenyl-but-3-yl (PHC4H8-3) radicals mainly react (90%) through decomposition by jB-
scission to yield propylene and benzyl radicals, which leads to toluene by H-transfers and bibenzyl by
termination. The 1-phenyl-but-3-yl (PHC4H8-3) radicals also react (10%) by ring-closure reactions

which yield methylindane.

The 1-phenylbut-1-yl (PHC4HS8-1) radicals mainly react 1) through decomposition by B-scission
(17%) yielding styrene and ethyl radicals, 2) by addition to propene (39%) which yields phenylheptyl
(IM7 and IM8) radicals, 3) by addition to alkenylbenzenes (styrene, PHCHCHCH3, PHC4H7Z71,
PHC4H7Z2) (23%) which leads to biaromatic (Im-biAr9, Im-biArl6, IM50, IM75) radicals. It should

be noted that at lower pressure and higher temperature ([15] and [22]), the additions of radicals to
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alkenes are not depicted as important reactions on the contrary to our results. The conclusion is the
same for ring-closure reactions and ipso-additions which are rather important in our study but not

described at lower pressure and higher temperature ([15] and [22]).

The flux analysis for the decomposition reactions of the biaromatic radicals is presented in Appendix
1. It highlights: 1) the main formation pathways of iso-heptylbenzenes (C13H20-1) and iso-
butylbenzenes (PHiC4H9) which belong to the major products, 2) the main reaction pathways leading
to ethylbenzene which is also an important product. Ethylbenzene is produced by H-transfer of
phenylethyl radicals, which are produced by B-scission decomposition of the biaromatic radical
formed by addition of 1-phenylbut-1-yl radical to styrene. This pathway (showed in the Appendix 1)
has not been described before, only the Reverse Radical Disproportionation between styrene and the

alkylbenzene, that does not appear in Figure 16 but is taken into account in the model ([18] and [22]).

n-butylbenzene
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Figure 16. Flux analysis of the n-butylbenzene pyrolysis (673 K, 70 MPa, 52% conversion).

Addition to double bond (65 %6)

|

26



Concerning the formation pathways of methane, ethane and propane, they are produced by H-transfers
to methyl, ethyl and propyl radicals which come from decomposition by B-scission. The formation
pathway of n-butane is different: it derives from the butyl radical which is produced by ipso-addition

of radicals (especially propen-3-yl radicals) to n-butylbenzene.

5. Apparent kinetic parameters

The apparent kinetic parameters were computed at 623 K. Simulations were performed and reached up
to 30% conversion. The consumption rates r were computed by CHEMKIN at 30% conversion and by
plotting In r vs -1/RT (where R is the ideal gas constant and T the temperature in K) with T = 621, 623
and 625 K. The slope of the graph corresponds to the apparent E, found equal to 66.6 kcal.mol. This
apparent Ea is consistent with the value computed from the kinetic model of the thermal cracking of
decylbenzene at 673 K and 70 MPa (67 kcal.mol™) [40]. It is also very similar to the experimental
value (65 kcal.mol?) of Leigh and Szwarc [41] for n-butylbenzene, although the pressure-temperature
conditions were not specified in their paper. The experimental values of Freund and Olmstead (52.9
kcal.mol?) [42] and Yu and Eser (57 kcal.mol?) [43] for n-butylbenzene are lower than the apparent
Ea computed in this work, but both teams worked at higher temperature and lower pressure than those
studied here. Behar et al. [12] also found a rather low apparent E, (53.3 kcal.mol?) for n-
dodecylbenzene, as well as Savage and Klein [15] for n-pentadecylbenzene (55.5 kcal.mol?). The
lower pressure, higher temperature and longer side-chain of the alkylbenzene complicate the
comparison with our results.

The pseudo-first-order kinetic law (r = kxc, with k the rate constant following the Arrhenius law, k in
st and ¢ in mol.m?) leads to:

Inr=InA-EJRT+Inc

The Y-intercept of the plots In r vs -1/RT allows the calculation of A, which was determined as
6.3x10% s, This value is almost of the same order of magnitude as the experimental value of Yu and

Eser (4x10'7 s?) [43]. It is lower than the previous A computed from the kinetic model of n-
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decylbenzene (1.2x10'®) [40], but this is consistent with a longer side-chain, which increases the

reaction pathways.

6. Extrapolation to low temperature (473 K)

The detailed kinetic model constructed in this paper was then applied to simulate geological conditions
of pressure and temperature, i.e. 473 K and 700 MPa characteristic of deeply buried hydrocarbon
reservoirs.

At these conditions, the main products remain approximately the same as at higher temperature, except
that alkenes and alkenylbenzenes become negligible at low temperature. This is due to the additions of
radicals to double bonds, whose importance increases at low temperature because their activation
energy is particularly low in comparison to the other elementary reactions.

The half-life of n-butylbenzene at 473 K is about 5 million years. This value is about the same as the
half-life of the alkanes, which is between 4 and 5 million years, depending on the chain length [40].
But the half-life of n-butylbenzene is lower than that of toluene (20 million years [40]) and greater
than that of n-decylbenzene (0.7 million years [40]). This sequence is consistent with the increase of

reactivity with the length of the side-chain.

7. Conclusion

The thermal cracking of n-butylbenzene was experimentally studied at high pressure (70 MPa),
moderate temperature (583, 603 and 623 K) and for durations of 3, 7 and 15 days. The pyrolysis was
performed in sealed gold tubes in isobaric regime. At these conditions, the conversion of n-
butylbenzene varied between 0.7% and 62%. Three main chemical families were observed: short
alkylbenzenes (mostly toluene and ethylbenzene), branched alkylbenzenes (isomers of iso-
butylbenzene and iso-heptylbenzene) and short alkanes (from CHs to CsHig). As minor products,
alkenylbenzenes (styrene and butenylbenzene), methylindane and diaromatic structures were also
detected.

A detailed kinetic model composed of 3542 free-radical reactions and 383 species (molecules and
free-radicals) was written in a systematic manner by taking into account all relevant elementary free-
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radical reactions. The thermochemical and kinetic parameters of the most important decomposition
pathways were computed by theoretical calculations, which increase the robustness of our Kinetic
model. A very good agreement between experiments and simulations was observed for most major
and minor compounds.

The apparent kinetic parameters of the thermal decomposition of n-butylbenzene were computed by
the kinetic model under the assumption of a first-order global rate law: the apparent activation energy
was found equal to 66.6 kcal.mol* and the frequency factor to 6.3x10%® s*. The extrapolation to low
temperature (473 K), which is characteristic of deeply buried oil reservoirs, shows that the stability of
n-butylbenzene is about the same as of alkanes, but n-butylbenzene is more stable than n-decylbenzene
and less stable than toluene.

The next step of this study will be the pyrolysis of n-butylbenzene with H,S in order to study the
potential acceleration or inhibition effect of H>S on n-butylbenzene pyrolysis, as well as to highlight

some formation pathways of organosulfur compounds in geological oil reservoirs.
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at the CBS-QB3 level of theory.

31



List of figure captions

Figure 1. Schematic diagram of the oven containing the piercing device for the gold cells and the GC-
FID.
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Figure 12. Comparison between experimental molar fractions (symbols) and simulation results (solid
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Figure 13. Comparison between experimental molar fractions (symbols) and simulation results (solid
lines) for iso-butylbenzene and iso-heptylbenzene (sum of the isomers) for the pyrolysis of n-
butylbenzene at 583, 603, 623 K and 70 MPa.

Figure 14. Comparison between experimental molar fractions (symbols) and simulation results (solid
lines) for styrene and butenylbenzene (sum of the isomers) for the pyrolysis of n-butylbenzene at 583,

603, 623 K and 70 MPa.
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Figure 15. Comparison between experimental molar fractions (symbols) and simulation results (solid
lines) for methylindane (sum of the isomers) for the pyrolysis of n-butylbenzene at 583, 603, 623 K
and 70 MPa.

Figure 16. Flux analysis of the n-butylbenzene pyrolysis (673 K, 70 MPa, 58% conversion).
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APPENDIX 1: The flux analysis for the decomposition reactions of the biaromatic radicals (623

K, 70 MPa, 52% conversion)
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